The bulk modulus of solid fcc C 60 was calculated with a density-functional tight-binding method, augmented by an empirical van der Waals force. The predicted modulus of 9.1 GPa is in good agreement with the experimental measurements. We found that the geometric structures of C 60 molecules in the solid fcc phase are considerably changed under strong compression, due to variations in the type of hybridization of carbon atoms. We also observed a reduction of the HOMO-LUMO gap under compression which is attributed to the overlap of π orbitals from neighboring C 60 molecules. Finally, we showed that the dispersion energy correction in the adopted scheme plays an essential role for the quantitative description of the weakly bound C 60 solid.
Introduction
Since the identification of the C 60 molecule [1] and the subsequent discovery of effective synthesis of the C 60 solid [2, 3] , C 60 has attracted much research interest due to its potential application in electronic and optical nanodevices, as well as in nanoelectromechanical systems. Because of their nanoscale size , the mechanical strength of a nanodevice component, which may be naturally under external stress due to connection and interaction with other components of a device, is a critical parameter that determines the stability of nanodevices. Also, the electronic and thus optical properties of the nanoscale component under applied pressure may be modified, and thus alter the device performance or cause deterioration. Therefore, the exploration of the mechanical stability of solid C 60 under external stress is needed before it can be successfully used in nanodevice design and fabrication. In particular, as a measure of the material's stiffness, the compressibility or bulk modulus of solid C 60 has been extensively investigated, using X-ray and neutron diffraction methods and a variety of pressure-transmitting media [4] [5] [6] [7] [8] [9] [10] [11] [12] . Based on the available experimental data, however, the results from different groups often differ by significant amounts. The controversy may be attributable to non-hydrostaticity of the pressure generated, the different methods of pressurization and measurements, as well as amorphization, polymerization or phase transition of the sample [12] .
Due to the obvious difficulties in the experimental measurements of mechanical properties, theoretical exploration should be performed to establish a reference platform on which future studies, both experimental and theoretical, could be performed. The compression properties of solid C 60 have been investigated theoretically, mainly using simple empirical intermolecular potentials with Lennard-Jones or exponential atom-atom interactions [4, [13] [14] [15] [16] [17] [18] [19] [20] . These calculations were performed primarily to test models for the potentials, and also gave a large variation of the predicted bulk modulus. Furthermore, these molecular mechanics methods cannot be considered as successful in the sense that the empirical 3 intermolecular functions may be not applicable or transferable for C 60 's derivatives and other complexes. Therefore, theoretical investigations with a higher level of theory are required, which can address the challenges of parametrization and achieve general transferability with a high accuracy.
The intermolecular interactions among C 60 molecules in the solid phase arise primarily from the weak van der Waals (vdW) type forces, and the long-range dispersion interactions should be the major source of attraction between neighboring C 60 molecules. Therefore, to obtain quantitative information about weakly bound solid C 60 , the effect of weak intermolecular interactions should be taken into account in the adopted theoretical methods. The most widely used method for this purpose is the second-order Møller-Plesset (MP2) perturbation theory; its application is, however, limited to small systems due to its huge computational demands. Although density functional theory (DFT) often gives accurate solutions for larger clusters or periodic structures, the generally used DFT methods fail to describe the dispersion interaction that contributes significantly to the binding energy. To overcome this drawback, a common practice is to introduce an empirical correction to calculate the additional attraction energy [21] [22] [23] . The recently developed self-consistent-charge density-functional tight-binding (SCC-DFTB) method, augmented by the empirical London dispersion correction (acronym SCC-DFTB-D), follows this approach [24] .
In this study, we employed the SCC-DFTB-D method to calculate the bulk modulus of solid fcc C 60 , and compared it with previous experimental measurements and existing calculations. We also investigated the change in the geometry of C 60 molecules caused by external pressure, as well as the variation of the energy gap with the compression.
Computational Method and Models
The SCC-DFTB approach is an approximate DFT scheme, which is derived from a second-order expansion of the Kohn-Sham total energy in DFT with respect to charge 4 density fluctuations. The Hamiltonian matrix elements are calculated with a two-center approximation, which are tabulated together with the overlap matrix elements as a function of the interatomic distance. A comprehensive description of this method can be found in the literature [21, 25] . SCC-DFTB has been proven to be computationally efficient and extremely reliable in the simulation of large systems with hundreds of atoms or periodic materials.
In order to describe the weak interaction between two separated fragments, an empirical dispersion term is added to the SCC-DFTB total energy for large distances, and a damping of this term with the onset of overlap of the charge density is included.
The vdW interaction energy is defined as
where f (R) is the damping function as defined in ref [24] ,
with the values d = 3.0, N = 7 and M = 4 for all types of atoms. R 0 is defined by the range of the overlap of two atoms, and is taken as 4.8 Å for the second row elements.
The C 6 coefficient for a given atom α is calculated as 3 6 75 . 0
where N α is the Slater-Kirkwood effective number of electrons and p α is the polarizability of atom α. And 
In this study, we use the same damping function f (R) and C 6 coefficient as used in ref [24] . The resulting scheme was found to be appropriate for predicting the geometrical structure and binding energy of weakly interaction systems [24, 26, 27] .
At room temperature and atmospheric pressure, crystalline C 60 forms a face-centered-cubic (fcc) phase, in which the C 60 molecules rotate almost freely and thus are orientationally disordered [28] [29] [30] [31] . Many X-ray and neutron diffraction 5 studies of this phase showed that the molecular rotation is not completely free, but that there is an intermolecular orientational correlation [32] [33] [34] [35] [36] . For the purpose of computing its compressibility, however, the C 60 molecule can be thought of as freely rotating with a negligible orientational correlation. Consequently, in the model of solid fcc C 60 in this study, all C 60 molecules are oriented with six of their 6-6 double bonds parallel to the supercell vectors, so that their mirror planes are all aligned with the cell faces, as shown in Figure 1a -c. In this case, each C 60 molecule is oriented such that the centers of eight of its twenty hexagons are aligned along the cubic <111> directions, corresponding to the "standard orientation", which is described in detail in ref [37] . Therefore, all C 60 molecules have a unique orientation with respect to their neighboring molecules, i.e. one pentagon of a molecule faces another pentagon of its neighbor with a parallel displacement, as depicted in Figure 1d .
Results and discussion
The bulk modulus B of a given material can be calculated from
where E is the total energy, V is the unit cell volume, and
is the second derivative of E with respect to V. Therefore, the variation of the total energy with the unit cell volume, E(V), is required. To this end, we first performed the geometry optimization of an internal C 60 molecule, which comprises the unit cell of solid fcc . Eventually, the bulk modulus B was calculated to be 9.1 GPa according to eq. (4), only about 4.9% lower than the experimental value of 9.6 GPa [36] , which was considered as the best estimate of the bulk modulus of solid fcc C 60 in the low-pressure range, and as the reference standard for theoretical calculations [4] . Our value is much superior compared to the previous theoretical results which used the rather high value of 18.1
GPa [5] as a reference standard [4] . In addition, the SCC-DFTB-D predicted bulk modulus of solid fcc C 60 indicates that the intermolecular interaction between C 60 molecules is comparable to the interlayer interaction in graphite, since the c-axis compressibility of graphite is -2.8×10 -2 GPa -1 [38] , and thus its bulk modulus is close to 33.8 GPa.
In the C 60 molecule, each carbon atom is sp 2 hybridized and bonded to three nearest neighboring carbon atoms with σ bonds. The remaining valence electron forms a double bond, known as π bond, which is delocalized. However, the C 60 molecule tends to avoid forming double bonds within the pentagonal rings, which makes electron delocalization poor, i.e. the electrons in the hexagonal rings do not completely delocalize throughout the whole cage, resulting in the fact that pentagons cage. Furthermore, the diameter of the C 60 molecule (i.e. the maximum distance between two C nuclei in one cage) in the optimal fcc structure was calculated to be 6.842 Å, only 0.029 Å smaller than that of an isolated C 60 molecule. Therefore, we find that the C 60 molecules shrink slightly when condensed into the solid state under zero pressure.
Under strong compression induced by the external pressure, however, the geometries of C 60 molecules will change considerably, despite the enormous strength of the intramolecular bonds. As shown in Figure 3 , our calculations reveal that the geometries of C 60 molecules are severely "wrinkled" when the lattice constant is compressed to 8.8 Å, considerably reduced from that at zero pressure. It also can be seen from Figure 3 that, although the compression is isotropic, the change in the geometry of the C 60 cage is anisotropic along three directions of the lattice vectors, due to the anisotropic intermolecular interactions. In this case, the distances between interactions, the C 60 solid will become unstable as shown above, and be apt to compress under a given amount of external pressure, which will thus result in an unrealistically smaller bulk modulus.
Conclusions
We calculated the geometric structures and energetics of the fcc C 60 crystal, using the density-functional tight-binding method, augmented by an empirical dispersion correction. We predict that the bulk modulus of solid fcc C 60 is 9.1 GPa, which is consistent with the experimental values and much superior to the results from empirical molecular mechanics calculations. It is revealed that the dispersion forces play a crucial role in the interaction between adjacent C 60 molecules in the solid state, and that it is essential to take the dispersive energy correction into account in the adopted scheme. When the crystal is compressed by external pressure, i.e. the lattice parameter is considerably contracted, the internal molecular structures are expected to be severely "wrinkled", accompanied by large changes in the intramolecular bond lengths and bond angles, which are induced by modifications in the hybridization of the carbon atoms. The compression will cause changes in the electronic properties; e.g., the HOMO-LUMO gap decreases from 1.80 eV to 0.17 eV as the lattice constant is compressed from 11.3 Å to 8.9 Å, due mainly to the overlap of π orbitals on neighboring C 60 molecules and the formation of covalent bonds between adjacent 11 cages. 
